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There is proposed a phenomenological description of quasi-elastic neutron scattering in the fer-
romagnetic metals UGe2 and UCoGe based on their property that magnetization supported by the
moments located at uranium atoms in an orthorhombic crystal is not conserved quantity relaxing to
equilibrium by the interaction with itinerant electron subsystem. As result the line width of quasi
elastic neutron scattering at q → 0 acquires nonvanishing value at all temperatures but the Curie
temperature.
PACS numbers: 75.40.Gb, 74.70.Tx, 75.50.Cc
The family of heavy fermionic uranium metallic com-
pounds UGe2, URhGe and UCoGe possesses astonishing
property of coexistence of superconductivity and ferro-
magnetism ( for the most recent reviews see1,2). Fer-
romagnetism does not suppress the superconductivity
with triplet pairing and since the discoveries of super-
conductivity in uranium ferromagnets they were consid-
ered as equal spin pairing superconductors similar to
3He-A and 3He-A1 superfluids. The pairing interac-
tion in liquid helium is due to spin-fluctuation exchange,
hence, it was quite natural to consider the same mecha-
nism as the origin of superconductivity in uranium com-
pounds. There was implied that they are fully itiner-
ant ferromagnets and the same 5f electrons are respon-
sible for ferromagnetism and superconductivity. Thus,
practically in all publications the uranium ferromagnet
superconductors were considered in frame of theory of
the isotropic Fermi liquid with ferromagnetism induced
by the Landau-Stoner interaction between electrons (one
can find the list of corresponding references in review1).
This beautiful theoretical model is reasonable for 3He.
But in relation to the uranium compounds its applicabil-
ity is quite doubtful in view of significant crystallographic
and magnetic anisotropy, as well because of non-itinerant
nature of magnetism in these materials.
The static magnetic properties of UGe2 are well de-
scribed in Ref. 4 in terms of crystal field splitting of
U4+ state, which is 3H4 term of the 5f
2 configuration of
localized electrons, despite of the presence of the itiner-
ant electrons filling the bands formed by two 7s, one 6d
and one 5f uranium and also germanium orbitals. So,
UGe2 is actually dual system where local and itinerant
states of f -electrons coexist. The example of such type
coexistence has been clearly demonstrated5 by µSR mea-
surements in another uranium compound UPdAl3 where
the Knight shift below Tsc indicates that local moment
magnetism and superconductivity are carried by different
electron substrates of 5f character, one of which involves
the heavy quasiparticles. The localized nature of mag-
netism in uranium ferromagnetic compounds put forward
as the most plausible pairing mechanism the interaction
between the conduction electrons by means of spin waves
in the system of localized moments. The first such type
model has been applied to the superconducting antifer-
romagnet UPd2Al3
6 and then quite recently to the reen-
trant ferromagnetic superconductor URhGe7.
Leaving for following publications the superconduct-
ing properties we discuss here the problem of magnetic
excitations.
The magnetic excitations reveal themselves in neutron
scattering measurements of dynamical structure factor
Sαβ(q, ω) =
∫
∞
−∞
dteiωt〈Mαq(t)Mβ−q(0)〉eq
which is wave vector - frequency dependent magnetic mo-
ments correlation function8. For an isotropic ferromagnet
Sαβ(q, ω) = S(q, ω)δαβ .
In absence of walls and spin-orbital coupling the mag-
netization is conserved quantity, hence, in isotropic
Heisenberg ferromagnet above Curie temperature the
only mechanism leading to the magnetization relaxation
is the spin diffusion that results in8,9
S(q, ω) =
2ωχ(q)
1− exp(−ω
T
)
Γq
ω2 + (Γq)2
, (1)
such that line width of quasi elastic scattering
Γq = Dq
2 (2)
is determined by the diffusion coefficient D. Here χ(q) =
χ0
1+(ξq)2 , χ0 is the static uniform susceptibility. We put
the Planck constant ~ = 1. The q2 law dependence was
observed in wide temperature range above Tc in Ni and
Fe ( see10 and references therein) reducing at T = Tc to
Γ ∝ q2.5 dependence according to predictions of mode-
mode coupling theory11.
In weak itinerant ferromagnets above Curie tempera-
ture another mechanism of dissipationless relaxation can
dominate with structure factor given by the same Eq. (1)
but with the line width determined by equality12,13
χ(q)Γq = χPω(q) (3)
where χP is the noninteracting Pauli susceptibility, ω(q)
is the Landau damping frequency equal to 2
pi
qvF for the
spherical Fermi surface. The linear in wave vector line
width was observed in MnSi14, however, in the other
2weak itinerant ferromagnets MnP15 and Ni3Al
16 the line
width q-dependence is closer to the dynamic scaling the-
ory predictions11.
The investigations of magnetic excitations in UGe2 and
UCoGe has been reported in several publications3,17,18.
The main result is that Γq unlike both Eqs (2) and
(3) does not vanish as q → 0 for temperatures differ-
ent from Tc.
19 The authors3 fairly specify that the fi-
nite value of χ(q)Γq as q → 0 implies that the uni-
form magnetization density is not conserved quantity.
The only source of violation of magnetization conserva-
tion in an itinerant electron system is electron-electron
spin-orbit coupling. Hence, for the significant non-spin-
conserving mechanism they have proposed the spin-orbit
interaction associated with f electrons silently assum-
ing that for f -electron system the inter-electron spin-
orbit interaction is stronger than in the ordinary met-
als. Indeed, the intraatomic spin-orbital coupling is im-
portant at calculation of the electron band structure in
compounds consisting of elements with big atomic num-
bers. However, it is well known that electron-lattice spin-
orbital interaction in the crystals with inversion center
plays role similar, or better to say, equivalent to the
usual spin-independent interband transition terms lead-
ing to the additional band splitting but not eliminating
the Kramers double degeneracy of electronic states. So,
when the one-electron band structure is fixed one can
work with electron-electron interaction independent of
initial atomic orbitals used for the band construction.
Hence, the electron-electron spin-orbital interaction has
usual relativistic smallness ∼ (vF /c)
2. The simplest of
relaxation processes are single and double spin flip pro-
cesses considered by Overhauser20. There was shown
that the most effective type is the first one originat-
ing from spin-current interaction which is the coupling
between the magnetic moment of an electron and the
magnetic field produced by the translational motion of
another one. The derivation presented in Ref.20 yields
the relaxation rate which is many orders of magnitude
smaller than the relaxation rate Γq of the order of several
Kelvin found in UGe2
3. So, the explanation of magnetic
relaxation in terms of itinerant nature of ferromagnetism
in uranium compounds is represented unsolved.
An interpretation of magnetostatic properties of ura-
nium compounds in frame of itinerant electrons approach
also looks doubtful. Magnetic susceptibility of single
UGe2 crystals has been measured by Menovsky et al
21
( for the more recent results see papers4,22). The easy
axis magnetization at zero temperature was found 1.43
µB/f.u. that in case of itinerant ferromagnetism corre-
sponds to completely polarized single electron band. On
the other hand the neutron scattering measurements of
magnetic form factor23 shows that: (i) the shape of its q
dependence is not distinguishable from the wave vector
dependences of the form factors of free U3+ or U4+ ions,
(ii) practically whole magnetic moment both in param-
agnetic and in ferromagnetic states concentrated at ura-
nium atoms24 and (iii) its low temperature value at q → 0
coincides with magnetization measured by magnetometer
with accuracy of the order 1 percent.
The configuration of localized 5f2 electrons of each
atom of UGe2 in paramagnetic state mostly consists of
superposition of three quasidoublets and three singlets
arising from the state with fixed value of total momen-
tum J = 4 split by the crystal field.4 The temperature de-
crease causes the change in probabilities of populations of
crystal field states revealing itself in temperature depen-
dence of magnetic moment. The quasidegenerate ground
state formed by the lower quasidoublet allows the sys-
tem to order magnetically with the ordered moment of
∼ 1.5µB twicely smaller than Curie-Weiss moment de-
duced from susceptibility above the Curie temperature.
The itinerant electron subsystem formed by 7s, 6d
and partly 5f electrons is also present providing about
0.02µB long range magnetic correlations as demonstrated
by muon spin relaxation measurements25,26.
All mentioned observations as well the theoretical
treatment4 unequivocally point on the local nature of
UGe2 ferromagnetism.
The interaction between localized and itinerant elec-
tron subsystems leads to the magnetization relaxation
measured by neutron scattering in paramagnetic and fer-
romagnetic state. This type of relaxation can be con-
sidered as analog of spin-lattice relaxation well known
in physics of nuclear magnetic resonance27. In our case
the magnetization created by the local moments of ura-
nium atoms plays the role of ”spin” subsystem, whereas
the itinerant electrons present the ”lattice” degrees of
freedom absorbing and dissolving fluctuations of mag-
netization. According to this, we shall treat the total
magnetization almost completely determined by the local
moments of uranium atoms as not conserved quantity. A
deviation of magnetization from the equilibrium value re-
laxes by transfer to the itinerant electrons. Unlike NMR
relaxation determined by nucleus-electron magnetic mo-
ments interaction the spin-lattice relaxation between the
localized and conducting electrons is determined by spin-
spin exchange processes and has no relativistic smallness
typical for NMR relaxation.
Here we propose the phenomenological description
of critical dynamics based on specific for strongly
anisotropic ferromagnet uranium compounds property
that magnetization supported by the moments located
at uranium atoms is not conserved quantity. To be more
concrete we shall discuss mostly UGe2.
Let us discuss first relaxation above the Curie temper-
ature. The relaxation rate of the order parameter fluctu-
ation is determined by deviation of system free energy
F =
∫
dV
(
Fh +Kij
∂Mα
∂xi
∂Mα
∂xj
)
(4)
from equilibrium. UGe2 crystallizes in the orthorhombic
structure with magnetic ordering along a crystallographic
direction, and the homogeneous part of the free energy
density is
Fh = αx(T )M
2
x + αyM
2
y + αzM
2
z , (5)
3αx(T ) = αx0
T − Tc
Tc
, (6)
αy > 0, αz > 0, whereas gradient energy in orthorhom-
bic crystal written in exchange approximation28 is deter-
mined by three nonzero constants Kxx,Kyy,Kzz. The
coordinates x, y, z correspond to the a, b, c crystallo-
graphic directions.
To describe homogeneous relaxation together with dif-
fusion we shall use set of kinetic equations29 relating to
each magnetization component
∂Mα
∂t
= −Aαβ
δF
δMβ
, (7)
where the kinetic coefficient matrix has three nonzero el-
ements Axx, Ayy, Azz. One can rewrite the above equa-
tions as
∂Mα
∂t
+∇ijαi = −
Mα
τα
, (8)
where τ−1x = 2Axxαx0
T−Tc
Tc
, τ−1y = 2Ayyαy, τ
−1
z =
2Azzαz and there is no summation over the repeating
indices in the right hand side of this equation. The com-
ponents of spin diffusion currents are
jαi = −2AαβKij
∂Mβ
∂xj
. (9)
Measurements reported in the paper3 with scattering
wave vector q parallel to the crystal a axis revealed no
extra scattering relative to the background while for the
q parallel to the c-axis (q ‖ zˆ) a strongly temperature de-
pendent contribution was found. The treatment similar
to that was used to get the diffusion scattering function30
given by Eqs.(1),(2) yields
Sxx(qz , ω) =
2ωχxx(qz)
1− exp(−ω
T
)
Γqzx
ω2 + Γ2qzx
, (10)
and the same structure expressions for Syy(qz , ω) and
Szz(qz , ω) correlators. The corresponding widths of
quasi-elastic scattering are
Γqzx = 2Axx
(
αx(T ) +Kzzq
2
z
)
, (11)
Γqzy = 2Ayy(αy+Kzzq
2
z), and Γqzz = 2Azz(αz+Kzzq
2
z).
The correlator Sxx(qz, ω) having a form characteristic of
critical magnetic scattering contributes the main part in
differential cross section of scattering. As one can see
Γqzx does not vanish as qz → 0 for temperatures differ-
ent from Tc in correspondence with the results reported
in the paper3. This property is the consequence of the
relaxation mechanism specific for ferromagnetic uranium
compounds where magnetization created by the moments
located at uranium atoms.
Below Curie temperature in the ferromagnetic state
the deviation magnetization from equilibrium valueM =
M(T ) is (Mx −M,My,Mz). The homogeneous part of
free energy density of magnetic fluctuation is
Fh = 2|αx(T )|(Mx −M)
2 + αyM
2
y + αzM
2
z . (12)
One can write kinetic equation similar to (8) only for
the magnetization component parallel to ferromagnetic
ordering
∂(Mx −M)
∂t
+∇ijxi = −
Mx −M
τx
, (13)
with the same expression for the diffusion current as
in paramagnet state. Dynamics of perpendicular to
equilibrium magnetization components of magnetiza-
tion is described by linearized Landau-Lifshitz-Gilbert
equations28,31,32
1
γ
∂(My + aMz)
∂t
= −HzMz + hz(t),
1
γ
∂(My − aMz)
∂t
= HyMy − hy(t). (14)
Here γ is gyromagnetic ratio, a is dimensionless damp-
ing parameter, Hy = M(Kijqiqj + |αx| + αy), Hz =
M(Kijqiqj + |αx| + αz) are the components of ”effec-
tive field”28, hy(t), hz(t) are the components of time de-
pendent transverse external field. This set of equations
determines the spin-wave spectrum which has particular
simple form in the absence of damping ω = γ
√
HyHz .
These equations also determine the (q, ω) dependences
of yy and zz components of magnetic susceptibilities.
In low frequency limit they are frequency independent
and pure real : χyy = H
−1
y , χzz = H
−1
z . The lat-
ter means that according to the fluctuation-dissipation
theorem they do not make a contribution to the corre-
sponding components of dynamical structure factor de-
termining the cross-section of neutron scattering. Thus,
at T < Tc the structure factor is given by the same for-
mula (10) as in paramagnet state, but the width of quasi-
elastic scattering now is given by
Γqzx = 2Axx
(
2|αx(T )|+Kzzq
2
z
)
. (15)
The equations (11) and (15) are the main results of the
paper. The line width of quasielastic neutron scattering
near the Curie temperature proves to be linear function
of T−Tc. The absolute value of the derivative |dΓqzx/dT |
in ferromagnetic region is roughly twice as large as the
corresponding derivative in paramagnetic region. The de-
pendence of the wave vector qz is parabolic. All of these
findings are in qualitative correspondence with the ex-
perimental observations reported in the paper3 (see Fig.
4 in this paper).
Still there is one inconsistency with experimental find-
ings. Namely, there has been observed3 (see Fig. 4d) that
the product Γqχ(q) is temperature independent above
Curie temperature but reveals the fast drop below Tc
contrary to the behavior described by the present phe-
nomenological theory where this product is temperature
4independent both above and below Tc. Measured sus-
ceptibility χ(q) decreasing with temperature proves to
be much faster than it is in accordance with mean field
theory.
Conclusion. The totality of experimental observations
point on the local nature of magnetism in uranium fer-
romagnetic superconductors. The interaction between
localized and itinerant electron subsystems gives rise to
specific mechanism of magnetization relaxation similar
to ”spin-lattice” relaxation known in physics of nuclear
magnetic resonance. This relaxation determined by ex-
change spin-spin coupling is much faster than NMR re-
laxation supported by much weaker interaction between
electron and nuclei magnetic moments. We developed
a phenomenological description of quasi-elastic magnetic
relaxation based on specific for heavy fermionic ferro-
magnet uranium compounds property that magnetiza-
tion supported by the moments located at uranium atoms
is not conserved quantity. As result the line width of
quasi elastic neutron scattering at q → 0 acquires non-
vanishing value at all temperatures besides the Curie
temperature. The treatment is the simple application
of general description of critical relaxation proposed by
Landau and Khalatnikov for a case of nonconserving or-
der parameter29. The main message of the paper is that
the nonconservation of magnetization in ferromagnetic
superconducting uranium compounds points on the local
character of magnetization relaxing to equilibrium by the
interaction with itinerant electron subsystem.
I acknowledge useful discussions with M. E. Zhito-
mirsky. I am also indebted to S.Raymond who presented
me helpful possibility to become acquainted with vast ex-
perimental literature devoted to the critical dynamics in
magnetic materials..
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